
Phylogeography and genetic variation in the South American rodent
Tympanoctomys barrerae (Rodentia: Octodontidae)

AGUSTINA A. OJEDA*

Grupo de Investigaciones de Biodiversidad (GIB), Instituto Argentino de Zonas Áridas (IADIZA), CONICET. Centro de
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The red viscacha rat, Tympanoctomys barrerae, is an octodontid rodent endemic to the arid west-central and

southern regions of Argentina. It is solitary, lives in complex burrows built in soft soil, and occurs at low

population densities in patches associated with salt basins and sand dunes in lowland habitats of the Monte and

Patagonia deserts. The purpose of this study was to investigate the genetic structure and biogeography of this

desert specialist. To assess genetic variation an 800-base pair fragment of the mitochondrial control region was

sequenced for; 60 individuals from 8 localities across the species’ range. Relationships among haplotypes were

inferred from phylogenetic analyses (maximum parsimony, Bayesian, and networks). Genetic structure and

demographic history were analyzed with descriptive statistics, mismatch distributions, neutrality tests (Tajima’s

and Fu’s), and analyses of molecular variance (AMOVAs). In total 26 haplotypes were found, most restricted to

single populations. The presence of unshared haplotypes was consistent with low migration rates. Within the

distribution (between 29uS and 39uS) southern and northern populations showed higher genetic diversity values

than central populations. Populations of T. barrerae showed moderate to high genetic differentiation on the

basis of haplotypes of central populations. AMOVA analyses indicated a moderate level of geographic structure

for all populations. Low haplotype and nucleotide diversities in central populations suggest a possible

bottleneck associated with Pleistocene glaciations or volcanic activity in this part of the range of the viscacha

rat. Phylogeographic structure was moderate, and the analyses recovered 2 principal clades: A (with central and

a part of the southern distribution) and B (with northern and another part of the southern distribution). Most

populations were polyphyletic, indicating that they have not been isolated long enough to reach reciprocal

monophyly. Demographic analyses conducted for clades A and B suggest a recent history of population

expansion. DOI: 10.1644/09-MAMM-A-177.1.
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The red viscacha rat, Tympanoctomys barrerae, is an

octodontid rodent endemic to the arid region of central and

southwestern Argentina. Octodontid rodents represent one of the

most characteristic groups in the arid lands of southern South

America. The major diversification of Octodontidae is estimated

to have occurred in the Pliocene–Pleistocene (Opazo 2005),

which coincided with landscape changes and habitat fragmenta-

tion (Contreras et al. 1987; Honeycutt et al. 2003; Mares 1985).

Within this family the split between T. barrerae and its sister

taxon Pipanacoctomys aureus occurred near the Pliocene–

Pleistocene boundary 1.74 million years ago (mya—Opazo 2005).

Tympanoctomys barrerae is a ground-dwelling solitary

species that lives in complex burrow systems built in soft

soil in areas bordering salt flats (Mares et al. 1997a; Torres et

al. 2003). It occurs at low population densities in patches

associated with salt basins, locally known as salares, and sand

dunes in the lowland habitats of the Monte and Patagonia

deserts. The red viscacha rat specializes in halophytic

vegetation (chenopods such as Atriplex, Heterostachys, and

Suaeda—Ojeda et al. 1996; Torres-Mura et al. 1989) and has

remarkable ecomorphological adaptations for life in xeric

habitats (Berman 2003; Dı́az et al. 2000; Mares et al. 1997a,

1997b; Ojeda et al. 1996). The presence of a stiff bundle of

hairs behind the upper incisors helps to remove the salt excess

from chenopod leaves, reducing their salt content (Berman
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2003; Mares et al. 1997b). T. barrerae has a specialized

kidney with an elongated renal papilla that is able to

concentrate urine at a maximum concentration of

7,080 mosm/l, a level similar to that observed in the North

American desert rodent Dipodomys microps and the African

rodent Psammomys obesus (Dı́az and Ojeda 1999; Ojeda et al.

1999). Due to characteristics like its narrow geographic range,

patchy distribution, habitat specialization, and low population

density, T. barrerae has been classified as a threatened species

(Dı́az and Ojeda 2000; International Union for the Conserva-

tion of Nature 2008; Ojeda and Dı́az 1997).

The red viscacha rat is an interesting species not only

because of its natural history but also due to its unique

genomic characteristics. Its chromosome complement (2n 5

102) is one of the highest among mammals (Contreras et al.

1990), and its genome size (16.8 pg of DNA) is double that of

its close relatives (Gallardo et al. 1999). Saltational increase in

diploid number associated with genome size duplication

suggests that T. barrerae may be a tetraploid (Gallardo et al.

1999, 2004), but this interpretation is still a matter of intense

debate (Gallardo et al. 2006; Svartman et al. 2005).

Populations of red viscacha rats are known from 11

localities along the west-central and southern regions of

Argentina in San Juan, Mendoza, Neuquén, La Pampa, and

Chubut provinces (between 29uS and 43uS) within the Monte

Desert and Patagonian biomes (Dı́az et al. 2000; Gallardo et

al. 2009; Ojeda et al. 2007). Their isolated patchy populations

are, in some cases, separated by hundreds of kilometers. A

new record of T. barrerae in the Patagonian steppe (Chubut

province) extended its previously known range 550 km

southward (Gallardo et al. 2009). Fossil remains of Tympa-
noctomys from the Pleistocene in Mar del Plata, a locality on

the east coast of Argentina (Verzi et al. 2002), and from the

late Holocene in Chubut province (Udrizar Sauthier et al.

2009) suggest dynamic distribution shifts in the recent past.

In recent years several studies have investigated the biology

of T. barrerae, including its ecology (Mares et al. 1997a,

1997b; Ojeda et al. 1996, 1999; Torres-Mura et al. 1989),

behavior (Berman 2003; Giannoni et al. 2000), physiology

(Dı́az and Ojeda 1999), and genetics (Gallardo et al. 1999,

2006). However, no studies have addressed levels of genetic

differentiation among its isolated populations. To clarify

aspects of population dynamics and differentiation it is critical

to elucidate the historical and geographical context in which

the evolution of the red viscacha rat took place. Phylogeo-

graphic analysis is an excellent method with which to

investigate the historical factors that have shaped current

diversity patterns and to document the evolution and

biogeography of this unusual lineage.

The purpose of this study was to examine the genetic

structure and patterns of genetic variation of T. barrerae
across its distribution range, using sequences of the mitochon-

drial DNA (mtDNA) control region. The primary aims were to

quantify levels of genetic variation and document the

phylogeographic structure of T. barrerae, and to assess the

demographic history of its populations.

MATERIALS AND METHODS

Study area and sample collection.—Sixty animals were

collected from 8 localities along the west-central portion of

Argentina, including the Monte and Patagonian biomes

(between 29uS and 39uS). Sample localities cover almost the

entire range of the species across its northern, central, and

southern regions (Fig. 1). Voucher specimens and tissue

samples (Appendix 1) are housed in the mammal collections

of the Instituto Argentino de Zonas Aridas (IADIZA), Centro

de Ciencia y Técnica Mendoza (CCT), Mendoza, Argentina,

and the Instituto de Ecologı́a y Evolución, Universidad

Austral, Valdivia, Chile. Animals collected during this study

were treated following procedures approved by the American

Society of Mammalogists (Gannon et al. 2007).

DNA extraction, polymerase chain (PCR) reaction amplifi-
cation, and sequencing.—Genomic DNA was extracted from

liver tissues with a standard phenol–chloroform method

(Sambrook et al. 1989). An 800-base pair (bp) fragment of

the mitochondrial control region was amplified by PCR from

60 individuals using primers that I designed: CYTB-RC-

SENSE (59-GAAAACAAACTCCTCAAATGAAG-39) and

RC-INT-TYMP (59-TGGGTAGGGTAGGCGTAAAATT-39).

Amplifications were performed using a thermal cycler (Perkin

Elmer) with the following parameters: initial denaturation at

94uC for 3 min; 33 cycles of 94uC (45 s), 51uC (1 min), and 72uC
(1 min); and a final extension at 72uC (5 min). Double-stranded

PCR products were purified with Wizard SV Gel and PCR

Clean-Up System (Promega) and sequenced by Macrogen Inc.

(Seoul, South Korea; www.macrogen.com). Sequencing reac-

tions were carried out under BigDyeTM terminator cycling

conditions and an ABI PRISM 3700 DNA automatic analyzer

(PE Applied Biosystems, Foster City, California).

Data analyses.—Electropherograms were scored using

PROSEQ version 2.91 (Filatov 2002) and aligned using the

default parameters of CLUSTAL X (Thompson et al. 1997).

Genetic diversity within populations was estimated as

haplotype (h) and nucleotide diversity (p) using DNAsp 4.10

(Rozas et al. 2003). A file that included haplotypes and

polymorphic sites was generated in the same program. Genetic

distances between and within populations were examined

using MEGA version 3.1 (Kumar et al. 2004). I chose a simple

model of evolution, the K2P substitution model, which

accommodates different transition and transversion probabil-

ities (Kimura 1980). This model is used widely in mammal

studies and so is useful for comparing divergence levels.

Phylogenetic relationships among haplotypes were recon-

structed using maximum parsimony (MP) as executed in

PAUP 4.0b10 (Swofford 2002) and Bayesian analyses

(Rannala and Yang 1996), performed in MrBayes ver. 3.1.2

(Ronquist and Huelsenbeck 2003). Trees were rooted with

outgroup sequences from Octodon degus and Octomys mimax,

both close relatives of T. barrerae (Wilson and Reeder 2005).

MP trees were inferred with 200 replicates of a heuristic

search with random addition sequences and tree–bisection–

reconnection branch swapping. Node stability was tested using

1,000 bootstrap replicates. The best-fit substitution model of
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sequence evolution was identified with Modeltest 3.06

(Posada and Crandall 1998). The selected model under the

Akaike information criterion (Akaike 1974) was Hasegawa,

Kishino, Yano (Hasegawa et al. 1985) + invariable sites +
gamma-distributed rate variation among sites (HKY + I + G)

with base frequencies A 5 0.3275, C 5 0.2402, G 5 0.1527,

T 5 0.2796. The proportion of invariable sites was I 5

0.8751, and the gamma distribution shape parameter was G 5

0.8042. Bayesian analysis was conducted under the best-fit

model of evolution obtained with Modeltest and performed

with 2 independent runs, each with 3 heated and 1 cold

Markov chains. The analysis was run for 1,000,000 genera-

tions, sampling every 100 generations with a burn-in of 2,500

generations. To check that each run converged on a stable log-

likelihood value I plotted the log-likelihood values against

generation time. The first 25% of the trees were discarded as

burn-in and the remaining trees were used to compute a 50%

majority rule consensus tree and obtain posterior probability

estimates. Relationships among haplotypes also were exam-

ined in a haplotype network. The network was built using the

median-joining approach implemented in Network 4.1.1.2

software (v. 4.200; http://www.fluxus-technology.com). The

median-joining method uses a maximum parsimony approach

to search for the shortest phylogenetic trees from a given data

set (Bandelt et al. 1999).

To assess demographic history (expansion, stability) of the

populations, I calculated Tajima’s D (Tajima 1989) and Fu’s FS

(Fu 1997) values. ARLEQUIN software (Schneider et al. 2000)

was used to conduct these tests and calculate the corresponding

P-values. Significance of both tests was examined using 1,000

permutations. These neutrality tests assume that the population

has been in mutation–drift balance for a long period of

evolutionary time (Nei and Kumar 2000). When the population

is not under mutation–drift equilibrium due to sudden expansion,

these indices tend to have significantly negative values. I also

conducted a ‘‘mismatch distribution’’ analysis. When a

population has undergone rapid expansion it is expected to

have a unimodal distribution, whereas a population that either is

subdivided or in demographic equilibrium is expected to exhibit

a multimodal distribution (Rogers and Harpending 1992). The

test is based on 3 parameters: h0 5 2mN0, h15 2mN1, and t; m is

the mutation rate, N0 is the population size before expansion, N1

is the population size after expansion, and t is the time since

expansion in mutational units (Rogers and Harpending 1992). I

also used 1,000 coalescent simulations under the sudden

expansion model to test the significance of the raggedness

statistic (rg) for each mismatch distribution. Populations that

have undergone a large expansion are expected to exhibit

smooth, unimodal mismatch distributions and low raggedness

values. More ragged mismatch distributions tend to result from

large stable populations (Harpending 1994). Subsequently, after

1,000 replicates, the R2 statistic and its associated probability

(Ramos-Onsins and Rozas 2002) were used to assess the

significance of the distribution’s fit to that of an expanding

population. R2 is based on the differences between number of

singleton mutations and mean number of nucleotide differences

within a population (Ramos-Onsis and Rozas 2002), and is

considered the best statistical test for detecting population

growth with small sample sizes. Those tests were conducted

using DNAsp 4.10 (Rozas et al. 2003).
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FIG. 1.—Geographical distribution of Tympanoctomys barrerae in Argentina. Dots indicate localities sampled for T. barrerae: VL: Valle de la

Luna (30u59S, 67u569W), GUA: Guanacache (32u99S, 68u129W), AR: Arroyito (32u499S, 67u179W), MAL: Malargüe (35u419S, 69u289W), NH:

Nihuil (35u19S, 68u409W), AT: Añelo Tero (38u109S, 68u539W), AC: Añelo Castillo (38u149S, 68u579W), LP: La Pampa (37u239S, 67u129W).
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A hierarchical analysis of molecular variance (AMOVA;

Excoffier et al. 1992) was performed to investigate levels of

population structure. Different analyses were conducted using

ARLEQUIN, taking into account genetic distance between

haplotypes and their frequencies. Individuals were grouped

into populations, and populations into 3 different groups

according to geographical location: northern group (VL: Valle

de la Luna, GUA: Guanacache, and AR: Arroyito); central

group (MAL: Malargüe and NH: Nihuil); southern group (AC:

Añelo Castillo, AT: Añelo Tero, and LP: La Pampa). I then

tested the effect of natural barriers (rivers) on the partitioning

of genetic variance. I took into account 4 main rivers

(Colorado, Salado, San Juan, and Diamante) that bisect the

distribution of T. barrerae. The populations were separated

into 5 groups defined us follows: AC: Añelo Castillo and AT:

Añelo Tero; LP: La Pampa; MAL: Malargüe and NH: Nihuil;

GUA: Guanacache and AR: Arroyito; and VL: Valle de la

Luna. Finally, I conducted an AMOVA taking account of the

major clades obtained from the phylogenetic analyses (see

Fig. 1 for definition of the groups and rivers).

To examine the level of subdivision among localities I used

the WST statistics developed for sequence data by Excoffier et

al. (1992) using ARLEQUIN software and FST statistics based

on sequence data (Hudson et al. 1995) using DNAsp 4.10

(Rozas et al. 2003). Estimates of the effective number of

migrants (Nm) between pairs of populations were obtained in

two ways: ,Nm.F estimates migration from FST values,

taking into account only haplotype frequencies; and ,Nm.W

estimates migration from WST, taking into account haplotype

frequencies and sequence divergence. The relationships

between geographical distance and migration rate among

populations were used to examine patterns of isolation by

distance (Slatkin 1993) using ARLEQUIN. This program

estimates the effective number of migrants between 2

populations as ,Nm.F 5 (1 2 WST)/(2 2 WST) and correlates

,Nm.F values with geographic distances. The significance of

the correlation was assessed with Mantel’s (1967) nonpara-

metric test. Geographical distances were obtained using the

program ‘‘How far is it?’’ (http://www.indo.com/distance/).

RESULTS

Nucleotide diversity and haplotype distribution.—An 800-bp

fragment of the mitochondrial control region was sequenced

from 60 T. barrerae individuals. Alignment of the sequences

showed 34 variable sites, including 13 singletons and 21

parsimony informative sites, which determined 26 haplotypes

(GenBank accession numbers from GQ168691 to GQ168716;

Table 1). No gaps (insertions–deletions) were needed in the

alignment. For the total sample the haplotype diversity (h) was

0.92 and the nucleotide diversity (p) was 0.0086, indicating

high haplotype and relatively moderate nucleotide diversity.

At the population level, haplotype diversity ranged from 0.0

(for the central locality of Nihuil) to 1.0 (for the southern

locality of La Pampa), whereas nucleotide diversity ranged

from 0.0 (in Nihuil) to 0.0076 (in Añelo-Tero, a southern

locality; Table 2). Among regional population groups central

populations presented the lowest values of genetic diversity,

whereas southern and northern populations displayed the

highest values (see Table 2). No haplotype was present in all

populations; only 4 haplotypes (H1, H3, H7, and H24) were

shared among 2 or 4 populations (Table 1). The most frequent

haplotype (H24) was found in 13 individuals and was present

only at central localities (Malargüe and Nihuil). The 2nd-

most-frequent haplotype (H3), which differs by 11 mutational

steps from H24, was represented in 9 individuals from Añelo

and La Pampa populations (southern distribution) and from

Arroyito (northern distribution). I also found a high number

(13) of unique haplotypes that differed in an elevated number

of nucleotide changes from the most frequent haplotype

(Table 1). Sequence divergences among localities indicated a

close genetic similarity among central populations (0%

divergence between Malargüe and Nihuil) but greater

distances between these populations and northern or southern

populations (1.1% to 1.5%). Northern versus southern

populations presented intermediate distance values from

0.3% to 1%.

Phylogenetic relationships among haplotypes.—MP and

Bayesian phylogenetic analyses produced trees that had

similar overall topologies. I therefore present only the MP

tree, which illustrates the relationships among the 26

haplotypes of T. barrerae. Several clades had bootstrap values

in the range of 53% to 69% (Fig. 2). The analyses recovered 2

principal clades with low bootstrap support: clade A (central

and southern distribution) and clade B (northern and southern

distribution). The B clade contains nearly all of the haplotypes

(20 of the total 26) and spans most of the geographic range.

The haplotype network (Fig. 3) showed a similar topology,

with 2 well-differentiated main haplotype groups separated by

7 mutational steps. The average divergence between haplo-

types in clades A and B was 1.4% (Fig. 3).

Geographic genetic variation.—Global FST estimates

among all localities presented a relatively high value (FST 5

0.58) and a very low migration rate (Nm 5 0.36). Moreover,

pairwise estimates of gene flow showed values ranging from

0.02 between Arroyito and La Pampa localities to 0.94

between Nihuil and Añelo-Castillo localities. Overall, pair-

wise FST values indicated a moderate to high differentiation

among subpopulations; highest differentiation was found

between central versus northern and southern populations,

with values ranging from 0.62 to 0.94 and Nm , 1. Pairwise

FST comparisons between northern and southern populations

showed a lower differentiation, with values ranging from 0.02

to 0.52 and Nm .1 for most of the comparisons. The Mantel

test did not show a significant correlation between pairwise

estimates of log Nm (on the basis of FST; see ‘‘Materials and

Methods’’) and log geographical distances (r 5 20.16; P .

0.05; Fig. 4), suggesting no isolation by distance.

The AMOVA performed for localities grouped into 3

geographic regions (southern, central, and northern) showed a

significant apportionment of genetic variance among regional

groups. The among-group component of variance was
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50.87%, and the remaining percentage of variation was

partitioned as follows: 38.61% within populations and

10.53% among populations within groups (Table 3). An

AMOVA performed on localities assembled into groups

separated by rivers showed a significant apportionment of

genetic variance among groups. The among-group component

of variance was 54.69% and the remaining percentage of

variation was partitioned as follows: 41.19% within popula-

tions and 4.11% among populations within groups (Table 3).

Finally, the AMOVA taking into account the 2 major clades

obtained from the phylogenetic analyses showed an among-

group variance component of 72.65%, with the remaining

percentage of variation partitioned as follows: 16.92% within

populations and 10.43% among populations within groups

(Table 3).

Population demographic history.—For the entire sample

both Tajima’s and Fu’s neutrality tests were negative but not

significant (D 5 20.16, P 5 0.49; FS 5 26.27, P 5 0.06),

and the R2 test was nonsignificant (R2 5 0.096; P 5 0.49).

Some of the populations presented negative values for these

statistics, but only the outcome for the southern LP =was

significant (Table 2). Among regional groups the values for

these statistics were in all cases negative and nonsignificant

(Table 2). Clade A showed negative values for both tests, but

they were not significant (D 5 20.93, P 5 0.18; FS 5 21.70,

P 5 0.09), and the R2 test was nonsignificant (R2 5 0.094; P
5 0.075). Clade B showed negative values for both tests, but

only FS was significant (D 5 21.39, P 5 0.07; Fs 5 29.60, P
, 0.001), and the R2 test was significant (R2 5 0.063; P 5

0.045). The mismatch distribution analysis for the whole
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FIG. 2.—Maximum-parsimony tree of 26 mitochondrial DNA

haplotypes for T. barrerae. Octodon degus (GenBank accession

number GQ168717) and Octomys mimax (GenBank accession

number GQ168718) were used as outgroups. Numbers on branches

represent bootstrap support after 1,000 iterations (left of the diagonal)

and Bayesian posterior probabilities (right of the diagonal). Arrows

indicate nodes that were not recovered in the Bayesian analysis. Dots

indicate geographic sample locations: black, northern populations;

gray, central populations; and white with black border, southern

populations. A and B refer to clades discussed in the text.

FIG. 3.—Haplotype network of all 26 haplotypes recovered from 8

populations of T. barrerae. The sizes of circles are related positively

to haplotype frequency. Shading indicates populations. Each bar

through the solid line represents 1 nucleotide difference between

haplotypes. D indicates the average percentage divergence between

haplotypes in clades A and B.

TABLE 2.—Number of sequences, polymorphic sites, haplotype and nucleotide diversity, and values of Tajima’s D and Fu’s FS tests from each

locality of Tympanoctomys barrerae. See Fig. 1 for abbreviation of localities.

Population

Nu
Sequences

Polymorphic

sites

Haplotype

diversity

Nucleotide

diversity

Tajima’s D Fu’s Fs

D P (DS , DO) Fs P (FS , FO)

North 15 19 0.93 0.0070 20.15 0.46 20.75 0.33

Central 16 2 0.34 0.0004 21.03 0.17 20.97 0.08

South 29 23 0.91 0.0060 20.60 0.30 23.71 0.06

VL 5 13 0.70 0.0067 20.97 0.19 2.46 0.88

GUA 4 7 0.66 0.0058 2.17 0.99 3.85 0.94

AR 6 8 0.86 0.0039 20.62 0.34 0.31 0.50

NH 4 0 0.00 0.0000 0.00 0.00 0.00 0.00

MAL 12 2 0.43 0.0006 20.84 0.25 20.72 0.09

AT 16 18 0.88 0.0076 0.50 0.72 20.24 0.44

AC 7 3 0.81 0.0016 0.40 0.68 20.91 0.14

LP 6 9 1.0 0.0042 20.81 0.24 22.98 0.01
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sample suggests a stable demographic history, indicated by a

bimodal distribution and a high average number of pairwise

differences (k 5 6.929; Fig. 5a). However, the distribution was

not significantly different from one generated under a null model

of population expansion. The raggedness value was not

significant (rg 5 0.024, P . 0.05) and failed to reject the

hypotheses of population expansion. However, the mismatch

distributions for clades A and B individually suggest population

expansions, indicated by a unimodal distribution and a low

number of pairwise differences (kclade A 5 1.17 and kclade B 5

3.77; Figs. 5b and c). The raggedness value was not significant

for clade A (rg 5 0.075, P . 0.05) and was approximately that

expected under an expansion model. However, clade B

displayed a significantly low raggedness value (rg 5 0.01, P ,

0.05) and poor fit to a model of recent expansion. The t
parameter, which describes the relative time since expansion (in

mutational units) of the geographic range, was smaller in clade

A than in clade B (tclade A 5 0.870; tclade B 5 1.975).

DISCUSSION

The scattered ‘‘patchy’’ populations of the red viscacha rat,

T. barrerae, show different levels of genetic variation across

their geographic range (29uS to 39uS). The lowest genetic

diversity was recorded for the central populations (i.e.,

Malargüe and Nihuil). Only a single mtDNA haplotype was

found in Nihuil locality, and it was shared with the population

of Malargüe, at a distance of 100 km. However, most

haplotypes recorded for the southern and northern sites were

unique to those populations, resulting in high haplotype

diversity. In total, 26 haplotypes were found for 8 populations

of T. barrerae. The number of haplotypes per population (3.25)

was comparable with the value (3) reported for the subterranean

tuco-tuco Ctenomys australis (Mora et al. 2006). However,

these values were much higher than those reported for the

fossorial octodontid Spalacopus cyanus (1.86—Opazo et al.

2008), the subterranean Ctenomys pearsoni (1.91—Tomasco

and Lessa 2007), and Ctenomys rionegrensis (1.89—Wlasiuk et

al. 2003). Each haplotype of T. barrerae occurred in an average

of 1.9 individuals in the southern populations and 1.6 individuals

in the northern populations. In contrast, central populations

lacked variation, and each haplotype occurred in an average of

5.3 individuals. A similar pattern of haplotype diversity was

found in the Stephens’ kangaroo rat (Dipodomys stephensi), an

endangered species with a restricted range in the interior coastal

valleys of Southern California (Metcalf et al. 2001).

In contrast to the high levels of haplotype variation,

nucleotide diversity in T. barrerae was low to moderate.

Among regional population groups southern and northern

populations had .10 times higher nucleotide diversity than

the central group (Table 2). Nucleotide diversity values

reported in this study were similar to those reported for S.
cyanus (Opazo et al. 2008) and the fossorial tuco-tuco C.
australis (Mora et al. 2006). This pattern of low nucleotide

diversity and high haplotype diversity indicates that the

populations are composed of many closely related haplotypes.

The statistical parsimony network corroborated this pattern; 22

of 26 haplotypes were separated by 1–2 mutational steps, and

the remaining 4 haplotypes were separated by 5 or 7

mutational steps. Grant and Bowen (1998) suggested that

patterns of low nucleotide diversity and high haplotype

diversity are indicative of a low effective population size

followed by expansion.

Although central populations (i.e., Malargüe and Nihuil)

showed the lowest genetic variability, they also displayed the

highest genetic differentiation when compared with northern

Journal of Mammalogy mamm-91-02-15.3d 8/2/10 16:54:03 7 Cust # 09-MAMM-A-177R2

FIG. 4.—Relationship between pairwise geographical distances and

estimates of gene flow Nm for T. barrerae, on the basis of FST from

mitochondrial control region sequences.

TABLE 3.—Hierarchical analyses of molecular variance (AMOVAs) for 3 geographical groups: northern group [VL, GUA, and AR], central

group [MAL and NH], southern group [AC, AT, and LP], and for 5 regions limited by rivers. Significance of variance component (P) was tested

by permutation according to Excoffier et al. (1992). See Fig. 1 for abbreviation of localities.

Source of variation % of variation Fixation indices (W-statistics) P

Among regional groups: [north] [central] [south] 50.87 0.508 0.005

Among populations within groups 10.53 0.214 0.009

Within populations 38.61 0.613 ,0.001

Among 5 regions limited by rivers: [AC-AT] [LP] [MAL-NH] [AR-GUA] [VL] 54.69 0.546 0.02

Among populations within groups 4.11 0.090 ,0.005

Within populations 41.19 0.588 ,0.001

Among 8 populations without hierarchical levels: [AC] [AT] [LP] [MAL] [NH]

[AR] [GUA] [VL] 55.87 0.558 ,0.001
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and southern populations, on the basis of divergence between

haplotypes. This pattern of genetic differentiation was

corroborated by the AMOVAs. Central populations differed

from northern and southern ones in haplotype frequency and

composition and were critical population units in determining

the significance of differences among all 3 regions. When I

excluded the central populations from the AMOVA analyses,

the difference between southern and northern regions became

insignificant (2.46%; P 5 0.18). The northern population of

Valle de La Luna also showed high values of genetic

differentiation compared with other populations, but was not

significant in determining any differences among regions.

When I excluded the Valle de La Luna population from the

AMOVA, differences among regions were still highly

significant (59.24%; P 5 0.01).

Genetic differentiation commonly is observed in widely

distributed species (Avise et al. 1987). Narrowly distributed

species are generally expected to have lower levels of genetic

differentiation across their range (Frankham 1996). Although

the geographic range of T. barrerae lies between 29uS and

43uS, populations within that range have a patchy distribution

(Diaz et al. 2000; Ojeda et al. 2007). In this study the levels of

genetic differentiation in T. barrerae were moderate to high.

The overall FST value is indicative of substantial population

structure. Comparisons between central localities (Malargüe

and Nihuil) versus northern and southern localities yielded the

highest FST values. Estimates of migration rates Nm calculated

from FST values for these populations were low (Nm , 1),

reflecting an absence of gene flow between them. Further-

more, the absence of a pattern of isolation by distance, shown

by an insignificant correlation between pairwise estimates of

Nm and geographical distances (Fig. 4), suggests that the

species is not at equilibrium between gene flow and genetic

drift. Moreover, failure to detect a pattern of isolation by

distance when relatively large values of Nm are found suggests

that a species recently has colonized parts of the area it

currently occupies. No pattern of isolation by distance with

only low values of Nm would suggest that ongoing gene flow

does not exist (Slatkin 1993). Lack of a pattern of isolation by

distance in the red viscacha rat could be influenced by recent

expansion into new areas and by interrupted gene flow,

especially between central and northern or southern popula-

tions. Consistent with this, most genetic variance in red

viscacha rats was among regions. Also, significant differentia-

tion among regional groups indicates that natural barriers (e.g.,

rivers) might be preventing dispersion among localities.

Populations with low levels of haplotype and nucleotide

diversity might have experienced a prolonged or severe

demographic bottleneck in recent times (Avise 2000). The low

levels of genetic variation in central populations suggest that

they might be recovering from a catastrophic, stochastic event

during their recent history. Potential causes for such a

bottleneck include Pleistocene glaciations and nearby vol-

canism. The activity of the Andean volcanic arch in the

southern part of Mendoza province, particularly near Malar-

güe, was intense during much of the Late Tertiary (Nullo et al.

2002; Sruoga et al. 1993) and persisted until the Holocene

(10,000 years ago). Moreover, records exist of volcanic

activity between 7,000 and 500 years ago (Mikkan 2004). The

effect of volcanism on reducing the genetic diversity of natural

populations has been shown in the fossorial tuco-tuco

Ctenomys maulinus in east-central Patagonia (Gallardo and

Köhler 1994; Gallardo et al. 1995).

Climate change and habitat loss also contribute to

reductions in faunal diversity (McLaughlin et al. 2002). Good

examples can be found in rodents of how species responded to

major climate changes during the Holocene and how habitat

Journal of Mammalogy mamm-91-02-15.3d 8/2/10 16:54:03 8 Cust # 09-MAMM-A-177R2

FIG. 5.—Mismatch distributions (Obs) for a) the entire sample, b)

clade A, and c) clade B of T. barrerae. The expected (Exp) frequency

is based on a population expansion model with h0 initial 5 0, h1 final

5 1.000, and t 5 0.870 and 1.975 for clades A and B, respectively.
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changes affected the genetic variability of populations (Chan

et al. 2005; Hadly et al. 2004). Such is the case of the tuco-

tuco Ctenomys sociabilis, restricted to a small area in

Patagonia that has a complex history of environmental change

associated with volcanism. Responses to that environmental

change include decreased population size, range contraction,

and loss of genetic diversity (Chan et al. 2005). To date, no

studies have been conducted on T. barrerae that account for

how climate change affects the genetic diversity of popula-

tions. However, a few studies related to fossil records have

addressed past distributions (Udrizar Sauthier et al. 2009;

Verzi et al. 2002). The fossil species Tympanoctomys
cordubensis has been reported from Pleistocene deposits

(0.9–0.78 mya) off the Atlantic coast in Argentina, where

Tympanoctomys no longer occurs. The authors suggested that

the present patchy distribution of Tympanoctomys may be

relictual, and the peculiar habitats occupied by these rodents

probably represent interglacial refuges (Verzi et al. 2002).

However, recent fossil remains assignable to T. barrerae from

3 late Holocene localities along the Chubut River in Patagonia

indicate an expanded paleodistribution and suggest local

extinction of populations during the last 100 years (Udrizar

Sauthier et al. 2009). Potential causes for the extirpation of

Tympanoctomys include overgrazing by sheep, which were

introduced to Patagonia at the beginning of the 20th century

(Aguado 2005).

Tympanoctomys barrerae shows moderate phylogeographic

structure. The MP tree (Fig. 2) and haplotype network (Fig. 3)

were concordant and recognized 2 main haplotype groups: clade

A, including haplotypes from central populations (Malargüe-

Nihuil) and 3 haplotypes from the southern locality Añelo Tero;

and clade B, including haplotypes from southern and northern

populations (Añelo Tero, Añelo Castillo, and La Pampa; Valle

de la Luna, Guanacache, and Arroyito). None of the populations

were reciprocally monophyletic, indicating that the populations

had not been isolated for a long enough time.

Demographic analyses for each clade produced unimodal

mismatch distributions (Figs. 5b and c) and negative D and FS

values, all of which are associated with population expansion

(Rogers and Harpending 1992). This recent population growth

event is more evident in clade A, which displays a unimodal

distribution, low number of pairwise differences, and a

nonsignificant raggedness (rg) index. Small t-values estimated

for both clades (more evident in clade A) also indicate recent

expansions. Population expansion in clade B seems to be older

than that of clade A, as suggested by a higher number of

pairwise differences and a more significant raggedness (rg)

index. Both expansions could have taken place in southern

populations, presumably in the area of Añelo-Tero. The first

(clade B t 5 1.975) covered a large part of T. barrerae’s

present distribution, reaching its northern and southern limits.

The second (clade A t 5 0.870) was more recent and covered

only the central part of the range.

I cannot discard alternatives to the demographic interpreta-

tions above. In particular, I cannot rule out departures from

strict neutrality (e.g., selective sweeps and selection against

slightly deleterious mutations). mtDNA has been assumed by

many to be neutral, but Ballard and Kreitman (1995)

concluded that this assumption follows from a series of

plausibility arguments connecting features of mtDNA evolu-

tion with misconceptions about the neutral theory. Deviations

from a strictly neutral model of evolution have been found for

mtDNA in a variety of organisms (Nachman 1998; Rand 2001;

Rand and Kann 1998). Even the noncoding control region

cannot be assumed to have strictly neutral variation because of

its linkage to the rest of the genome (Ballard and Kreitman

1995; Ballard and Rand 2005). When a statistically significant

departure from selective neutrality is found in a gene (or a

region of the genome), often two equally plausible alternative

hypotheses can be offered in accord with the data, one

involving natural selection and one involving one or more of

the demographic or population factors (Kreitman 2000). Both

selective sweeps and selection against slightly deleterious

alleles can produce patterns of haplotype diversity similar to

those produced by population expansion (Wlasiuk et al. 2003).

These alternatives cannot be distinguished with standard

statistics such as Tajima’s D or Fu’s FS.

Taken as a whole, the information above suggests the

following scenario for the geographic differentiation of T.
barrerae. This species expanded from a restricted area in the

recent past as indicated by the lack of equilibrium between

migration and genetic drift and by signatures of sudden

population expansion. The ancestral areas could be recently

discovered fossil localities in Chubut (Patagonia) or other

southern and northern refuges during the Pleistocene–Holo-

cene transition. The presence of southern haplotypes in both

clades suggests a possible southern origin, followed by

expansion events involved in the colonization of new habitats.

As noted above, one of the expansions occurred early and

covered much of the current distribution (Fig. 2 clade B;

Fig. 5c). The second was a more recent and sudden expansion

and was restricted to the central part of the distribution (Fig. 2

clade A; Fig. 5b). When gene flow among subpopulations is

limited the most geographically widespread haplotypes should

be the oldest and most ancestral ones, whereas haplotypes

restricted to single locations should be of more recent origin

(Neigel et al. 1991). In T. barrerae the area comprising Añelo,

La Pampa, and Arroyito could be ancestral, given that these

localities share the 2nd most frequent and most geographically

widespread haplotype (H3). Since the last expansion central

populations have differentiated essentially in isolation, as

reflected in the estimates of gene flow (Nm , 1) between

central and northern or southern populations. High Nm
estimates (.1) were obtained for the central localities of

Malargüe and Nihuil. These 2 populations, separated by

100 km, seem to behave as one. However, their low genetic

variability could be due to a possible bottleneck caused by a

recent catastrophic event.

Several attributes of T. barrerae (e.g., patchy distribution,

habitat and trophic specialization, low population density)

increase the vulnerability of its populations (Ojeda et al.

1996). The potential loss of genetic information in these
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populations should be considered in biodiversity assessments

(Diaz and Ojeda 2000). In particular, the genetic distinctness

of central populations could have important implications for

the conservation and management of the red viscacha rat.

RESUMEN

Tympanoctomys barrerae o rata vizcacha colorada, es un

roedor octodontido endémico de las regiones áridas del centro-

oeste y sur de Argentina. Es una especie solitaria que habita en

cuevas complejas, construidas en suelos blandos. Las

poblaciones de T. barrerae se distribuyen a bajas densidades

y en parches asociados a cuencas salinas y dunas en los

desiertos de tierras bajas del Monte y Patagonia. El objetivo de

este estudio fue investigar la estructura genética y biogeo-

grafı́a de este roedor octodontido especialista del desierto.

Para ello se evaluó la variación genética, secuenciando un

fragmento de 800 pb de la región control del ADN

mitocondrial (ADNmt) a partir de 60 muestras de individuos

de 8 de localidades a lo largo del rango de distribución de la

especie. Las relaciones entre los haplotipos fueron inferidas a

partir de análisis filogenéticos (máxima parsimonia, bayesia-

nos y redes). Se estudio la estructura genética e historia

demográfica a través de diferentes estadı́sticos, distribuciones

pareadas, pruebas de neutralidad (tests de Tajima y Fu) y

AMOVAs. Se encontraron 26 haplotipos, la mayorı́a de ellos

restringidos a poblaciones únicas. La presencia de haplotipos

no compartidos fue consistente con las bajas tasas de

migración. A lo largo del rango de distribución (entre 29 u S

y 39 u S), las poblaciones sur y norte presentaron los valores

más altos de diversidad genética en relación a las poblaciones

del centro. Las poblaciones de T. barrerae mostraron de

moderada a alta diferenciación genética, siendo los haplotipos

de las poblaciones centrales los que determinaron en mayor

medida dicho grado de diferenciación. Los análisis de

AMOVA indicaron un nivel moderado de estructura geográ-

fica de las poblaciones. La baja diversidad haplotı́pica y

nucleotı́dica presentada en las poblaciones centrales, podrı́a

sugerir un posible cuello de botella asociado a las glaciaciones

del pleistoceno o a una intensa actividad volcánica en esta

parte central de la distribución. La estructura filogeográfica

fue moderada, los análisis recobraron 2 clados principales: A

(con distribución centro y sur) y B (con distribución norte y

sur). La mayorı́a de las poblaciones fueron polifiléticas,

sugiriendo que no habrı́an permanecido aisladas durante un

tiempo suficiente como para alcanzar la monofı́lia recı́proca.

Análisis demográficos realizados en los clados (A y B)

sugieren una reciente historia de expansión poblacional.
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APPENDIX I
Original number and corresponding haplotype of 60 individuals of

Tympanoctomys barrerae analyzed in this study. Acronyms MHG,

AO, and DR refer to tissue catalogue numbers: MHG: Milton H

Gallardo, Instituto de Ecologı́a y Evolución, Universidad Austral,

Valdivia, Chile; AO: Agustina Ojeda; and DR: Daniela Rodrguiguez,

Grupo de Investigaciones de Biodiversidad (GIB), Instituto Argentino

de Zonas Áridas (IADIZA), CONICET and Centro de Ciencia y

Técnica Mendoza (CCT Mendoza), Argentina.

H1: MHG1652, MHG1730, MHG 1760, MHG 1761; H2:
MHG1655; H3: MHG1700, MHG1704, MHG1707, MHG1710 (m),

MHG1710 (2), MHG 1716, MHG1784, AO73 (E2), AO73; H4:
MHG1713; H5: MHG1633; H6: MHG1656; H7: MHG 1606, MHG

1762, MHG1763, MHG1785; H8: MHG1715; H9: MHG1729; H10:
MHG1717; H11: DR24, DR24 (E1); H12: AO74, AO77; H13: MHG

1714; H14: MHG1718; H15: MHG1609; H16: MHG 1676; H17:
AO76; H18: DR23, DR23 (E1); H19: AO61(m), AO61(E), MHG1677;

H20: MHG1675; H21: MHG1651, MHG1705, MHG1711; H22:
MHG1692; H23: MHG1701; H24: MHG1621, MHG1624, MHG1625,

MHG1627, MHG1766, MHG1768, MHG1769, MHG1770, MHG1772,

MHG1774, MHG1775, MHG1776, MHG1777; H25: MHG1771,

MHG1773; H26: MHG1767.
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